Membrane Interaction of the Glycosyltransferase WaaG  by Liebau, Jobst et al.
552 Biophysical Journal Volume 109 August 2015 552–563ArticleMembrane Interaction of the Glycosyltransferase WaaGJobst Liebau,1 Pontus Pettersson,1 Scarlett Szpryngiel,1 and Lena Ma¨ler1,*
1Department of Biochemistry and Biophysics, Stockholm University, Stockholm, SwedenABSTRACT The glycosyltransferase WaaG is involved in the synthesis of lipopolysaccharides that constitute the outer leaflet
of the outer membrane in Gram-negative bacteria such as Escherichia coli. WaaG has been identified as a potential antibiotic
target, and inhibitor scaffolds have previously been investigated. WaaG is located at the cytosolic side of the inner membrane,
where the enzyme catalyzes the transfer of the first outer-core glucose to the inner core of nascent lipopolysaccharides. Here,
we characterized the binding of WaaG to membrane models designed to mimic the inner membrane of E. coli. Based on the
crystal structure, we identified an exposed and largely a-helical 30-residue sequence, with a net positive charge and several
aromatic amino acids, as a putative membrane-interacting region of WaaG (MIR-WaaG). We studied the peptide corresponding
to this sequence, along with its bilayer interactions, using circular dichroism, fluorescence quenching, fluorescence anisotropy,
and NMR. In the presence of dodecylphosphocholine, MIR-WaaG was observed to adopt a three-dimensional structure remark-
ably similar to the segment in the crystal structure. We found that the membrane interaction of WaaG is conferred at least in part
by MIR-WaaG and that electrostatic interactions play a key role in binding. Moreover, we propose a mechanism of anchoring
WaaG to the inner membrane of E. coli, where the central part of MIR-WaaG inserts into one leaflet of the bilayer. In this model,
electrostatic interactions as well as surface-exposed Tyr residues bind WaaG to the membrane.INTRODUCTIONGlycosyltransferases (GTs) form a large and diverse class of
enzymes that catalyze a multitude of transfer reactions by
the formation of glycosidic bonds. Most GTs adopt either
a GT-A or a GT-B fold (1,2). However, crystal structures
of representatives of a third fold, GT-C, have recently
been solved (3,4), and some GTs are predicted to adopt
none of these folds (5). GTs are further grouped into retain-
ing or inverting enzymes depending on whether the stereo-
chemistry of the donor molecule is retained during the
transfer reaction or not. No correlation exists between the
fold and the mechanism since there are inverting and retain-
ing GTs of both major folds (6).
The GT WaaG adds the first outer-core D-glucose from
UDP-glucose to the inner-core L-glycero-D-manno heptose
II of lipopolysaccharides, which are the main constituents of
the outer leaflet of the outer membrane of Gram-negative
bacteria and form a protective barrier against environmental
stress and antimicrobial compounds (7). The transfer reac-
tion catalyzed by WaaG retains the a-stereochemistry of
the donor in the product. WaaG is thus classified as a retain-
ing a-1,3-GT belonging to the CAZy (Carbohydrate Active
Enzymes database, http://www.cazy.org/) (6,8) family GT4
of GTs, which may be the ancestral family of retaining GTs
(6,9). The protein sequence of WaaG is highly conserved inSubmitted February 27, 2015, and accepted for publication June 19, 2015.
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0006-3495/15/08/0552/12Escherichia coli and Salmonella, with sequence identities
above 85%. Moreover, deletion of WaaG leads to destabili-
zation of the outer membrane and to nonmotile E. coli
strains with an increased sensitivity to novobiocin (10,11).
WaaG has therefore been identified as a potential antibiotic
target, and inhibitor scaffolds have been studied (12). As
evidenced by the crystal structure (Fig. 1), WaaG adopts a
GT-B fold characterized by two domains, both of which
have a Rossman fold. The active site is located within the
cleft formed between the N- and C-terminal domains.
WaaG localizes at the cytosolic side of the inner membrane
in Gram-negative bacteria such as E. coli (9).
The inner membrane of E. coli consists mainly of
three lipids. The most abundant lipid is phosphoethanol-
amine (PE, 7080%), followed by phosphoglycerol (PG,
2025%) and cardiolipin (CL, 510%) (13,14). None of
these lipids are absolutely essential for the growth of
E. coli, as previous studies showed that mutants deficient
in each one of these lipids could be constructed and grown
under laboratory conditions (15,16). For adaptation to envi-
ronmental stress, the acyl chain lengths and the degree of
unsaturation can vary quite significantly. Under normal
growth conditions, 16:0 acyl chains are the most abundant
and the ratio of unsaturated to saturated fatty acids is ~1:3
(14,17,18).
The membrane interaction of monotopic GTs of the GT-B
fold has been of special interest because such proteins
are able to catalyze the transfer of sugars from hydrophilic
donor molecules to membrane-associated acceptors at
the membrane surface. Electrostatic and hydrophobichttp://dx.doi.org/10.1016/j.bpj.2015.06.036
TABLE 1 Chemicals used in this study ordered by their
abbreviation
Abbreviation Chemical
5-doxyl PC 1-palmitoyl-2-stearoyl-(5-doxyl)-sn-glycero-3-
phosphocholine
10-doxyl PC 1-palmitoyl-2-stearoyl-(10-doxyl)-sn-glycero-3-
phosphocholine
DHPC-d22 tail-deuterated 1,2-dihexanoyl-sn-glycero-3-
phosphocholine
DMPC 1,2-dimyristoyl-sn-glycero-3-phosphocholine
DMPG 1,2-dimyristoyl-sn-glycero-3-phospho-(10-rac-
glycerol)
DPC-d38 or DPC deuterated and undeuterated dodecylphosphocholine
Gd(DTPA-BMA) Gd3þ diethylenetriamine pentaacetic acid-
bismethylamide
POPC 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
POPE 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoethanolamine
POPG 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(10-rac-
glycerol)
Tempo-PC 1,2-dipalmitoyl-sn-glycero-3-phospho(tempo)
choline
TOCL tetraoleoyl cardiolipin
All chemicals were purchased fromAvanti Polar Lipids except for Gd(DTPA-
BMA), which was acquired from AK Scientific (Union City, CA).
FIGURE 1 Crystal structure of WaaG (PDB accession code 2IW1), with
MIR-WaaG indicated. The figure was prepared using PyMOL. To see this
figure in color, go online.
Membrane Interaction of WaaG 553interactions by surface-exposed cationic and hydrophobic
residues, as well as by Trp residues in the N-terminal
domain, have been identified as key contributors to mem-
brane anchoring (19).
Here, we characterized the binding of WaaG to the inner
membrane of E. coli using a set of biophysical methods. For
this purpose, we identified a 30-residue membrane-interact-
ing region located in the N-terminal domain of WaaG (MIR-
WaaG) as a putative anchor of WaaG to the membrane
(Fig. 1). The identification criteria were that the region 1)
had to be surface exposed, 2) had a net positive charge,
and 3) had to contain aromatic amino acids. To study mem-
brane interactions, we prepared bicelles and large unilamel-
lar vesicles (LUVs) with varying relative concentrations of
anionic lipids, but kept the fatty acid composition constant
(14:0-14:0 in bicelles and 16:0-18:1 in LUVs). The bicelles
were prepared with relatively short, saturated fatty acid
chains because it is difficult to prepare and control the prop-
erties of this mimetic with other lipids (20,21). Vesicles can
be prepared in a controlled way with a wider range of lipids,
and therefore 16:0-18:1 chains were chosen.MATERIALS AND METHODS
Materials
MIR-WaaG peptide (YAEKVAQEKGFLYRLTSRYRHYAAFERATF) cor-
responding to residues 103–132 in the crystal structure (PDB accession
code 2IW1) was synthesized by PolyPeptide Laboratories (Strasbourg,
France) with a purity of 93%. The lipids, detergents, and paramagnetic
agents used in this study are listed in Table 1 together with their abbrevia-
tions used in the text. All chemicals were used without further purification.Preparation of LUVs
Six different types of LUVs were prepared for circular dichroism (CD) and
fluorescence studies according to a previously described protocol (22,23).
These consisted of zwitterionic LUVs (100% POPC); anionic LUVs inwhich 10%, 20%, 30%, or 40% of the POPC was substituted for the anionic
lipid POPG; and LUVs mimicking the inner-membrane composition of
E. coli with 60% POPE, 30% POPG, and 10% TOCL.
The required amounts of lipids were dissolved in chloroform and mixed
to achieve the desired lipid molar ratios. Chloroform was then evaporated
under a stream of nitrogen gas. The lipid mixtures were resuspended in
50 mM of phosphate buffer (pH 7.2) by thorough vortexing for 15 min.
Next, the samples were subjected to five cycles of freezing in liquid nitro-
gen and thawing in a warm water bath. Finally, vesicles were extruded
through polycarbonate membranes (100 nm pore diameter; Avanti Polar
Lipids, Alabaster, AL) to obtain a homogeneous size distribution (24).
The total lipid concentration was 1 mM. The size distribution of LUVs in
all samples was checked by dynamic laser light scattering and found to
be homogeneous with a typical hydrodynamic radius of ~60 nm.Preparation of bicelles
Bicelles were prepared as described previously (23,25). Briefly, the required
amounts of DMPC and DMPG were mixed in 50 mM of phosphate buffer
(pH 7.2) in 100% D2O and subsequently vortexed. DHPC-d22 was then
added to obtain 150 mM (total lipid þ DHPC concentration) of q ¼ 0.5
bicelles with either 100%DMPC or 70%DMPCþ 30%DMPG. Here, q in-
dicates the molar ratio of lipids (DMPC or DMPCþ DMPG) to DHPC-d22.
Finally, the samples were subjected to three vortex-centrifuge cycles.CD
CD spectra of MIR-WaaG were measured on a Chirascan CD spectrometer
(Applied Photophysics, Leatherhead, UK) at 25C in the range of 190–
260 nm. A quartz cuvette of 1 mm path length was used. Thirty spectra
of MIR-WaaG in each LUV environment were recorded and averaged.
The background spectrum (average of 30 spectra with only LUVs in buffer)
was subtracted from the peptide spectrum. The concentrations were 1 mM
of lipids and 30 mM of peptide, giving a peptide/lipid ratio of 1:33. CD
spectra of MIR-WaaG in DPC micelles were acquired at a 50 mM DPC
and 0.4 mM MIR-WaaG concentration in a quartz cuvette with a 5 mm
path length.Biophysical Journal 109(3) 552–563
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Fluorescence measurements were carried out on a Fluorolog fluorescence
spectrometer (Horiba Scientific, Edison, NJ) at 25C using a quartz cuvette
with a 1 cm path length. All recorded spectra were corrected for background
signal. The concentrations were 1 mM of lipids and 20 mM of peptide, giv-
ing a peptide/lipid ratio of 1:50.
Tyr fluorescence quenching was observed by titration of the water-solu-
ble quencher acrylamide and the lipophilic quencher 5-doxyl PC to a final
concentration of 0.2 M and 0.1 mM, respectively. 5-Doxyl PC was titrated
from a 2.1 mM ethanolic stock solution. The ethanol concentration in the
sample never exceeded 5% (v/v). The excitation wave length was 280 nm
and the maximum emission was detected at ~307 nm. The Stern-Volmer
quenching constant, KSV, reports on the quencher accessibility of the fluo-
rophore (the Tyr residues), as is evident in the equation given by
I0=IQ ¼ KSV ½Q þ 1 (26), where IQ and I0 are the fluorescence intensities
at quencher concentration [Q] and in the absence of quencher, respectively.
This relation was used to investigate the association of the peptide with
LUVs with varying PG content (0–40%) and with a native-like E. coli in-
ner-membrane composition.
To obtain a quantitative estimate of the immersion depth of MIR-WaaG
in E. coli membrane-mimicking LUVs, we employed the parallax method.
Tempo-PC, 5-doxyl PC, and 10-doxyl PC were titrated from a 2.1 mM etha-
nolic stock solution to 1 mM LUVs and 30 mMMIR-WaaG to obtain LUVs
containing 16 mol % spin label. As described in detail previously (27,28),
the immersion depth z of the fluorophores can be obtained from
z ¼ Lc1 þ

L221 
lnðF1=F2Þ
pC

2L21; (1)
where Lc1 is the distance of the shallow quencher from the center of the
bilayer, L is the distance between the shallow quencher and the deep21
quencher, C is the quencher concentration in the membrane plane, and F1
and F2 are the fluorescence intensities in the presence of the shallow and
deep quenchers, respectively. The parameters were chosen as described pre-
viously (27,28), i.e., the Lc1 of Tempo-PC, 5-doxyl PC, and 10-doxyl PC
was 19.5, 12.2, and 7.7 A˚, respectively. C is defined as the molar ratio of
spin-labeled lipids to total lipids per lipid area (which is assumed to be
70 A˚2).
For steady-state fluorescence anisotropy measurements, Glan-Thompson
polarizers were employed and the measured signals were corrected for
background scattering. Each component of the anisotropy was measured
10 times.
To determine the dissociation constant KD of MIR-WaaG in E. colimem-
brane-mimicking vesicles, 500 nM of peptide was dissolved in 50 mM
of phosphate buffer (pH 7.2) and LUVs were titrated from a 1 mM stock
solution up to a concentration of 0.5 mM. The fluorescence intensity was
corrected for background emission and fitted to a binding function that
assumes a single binding site:
F F0
F0
¼ Bmax ½L
KD þ ½L; (2)
where F0 is the maximum fluorescence intensity in the absence of LUVs, F
is the maximum fluorescence intensity at lipid concentration [L], and Bmax
is the maximum binding (29).Translational diffusion
We measured the translational diffusion coefficients of 0.6 mMMIR-WaaG
in buffer, as well as in solutions containing 50 mM of DPC micelles (pep-
tide/detergent ratio of 1:83) and zwitterionic (DMPC) and anionic (70%
DMPC þ 30% DMPG) bicelles with 50 mM of lipids and 100 mM of
DHPC-d22 (at a peptide/lipid ratio of 1:83), at 25
C by using a modified
Stejskal-Tanner spin-echo pulse sequence on a 600 MHz Bruker AvanceBiophysical Journal 109(3) 552–563spectrometer. The diffusion time was kept constant while the pulsed field
gradient (PFG) was increased in 32 linear steps (30–32). A 1% H2O in
D2O and 0.1 mg/mL GdCl3 standard sample was used to calibrate the
gradient strengths. The translational diffusion coefficient was obtained
from a fit of the signal attenuation to a modified Stejskal-Tanner equation
that accounts for field inhomogeneities (33). The diffusion coefficients of
MIR-WaaG were determined by taking the average of four dominant 1H ar-
omatic peaks, and lipids were monitored on three 1H acyl chain peaks (H3,
H4-H13, and H14). The diffusion coefficients were corrected for viscosity
differences by multiplying with the diffusion coefficient of trace HDO in
the sample and dividing with the diffusion coefficient of H2O.Structure determination
The NMR solution structure of MIR-WaaG was determined in 50 mM of
DPC-d38 and 50 mM of phosphate buffer (pH 5.7), with a peptide concen-
tration of 0.6 mM at 25C and containing 10% D2O for frequency locking.
Experiments were conducted on a 700 MHz Bruker Avance spectrometer
equipped with a cryoprobe. Homonuclear 2D experiments were acquired
with 64 scans and 512 increments, and 13C-HSQC spectra were obtained
with 128 scans and 700 increments. TOCSY spectra were acquired with
mixing times of 30 and 95 ms. Structural constraints were obtained from
a NOESY spectrum with a 50 ms mixing time (distances) and from
natural-abundance 13C-HSQC (chemical shifts). All spectra were processed
in TopSpin 3.0 and assigned with Sparky.
Protein backbone torsion angles were predicted by TALOSþ (34,35)
based on Ha, Ca, and Cb chemical shifts. Only predictions classified as
good for residues located within secondary structure elements, predicted us-
ing Ha and Ca secondary chemical shifts as described byWishart and Sykes
(36), were used as torsion-angle constraints.
We calculated 100 structures by simulated annealing using CYANA 2.1
with automated assignment of NOESY peaks when the peaks could not be
unambiguously assigned manually. The final structure ensemble consisted
of the 20 energetically most-favored structures ranked by their constraint
function values. The structures were validated using the Protein Structure
Validation Suite (PSVS, http://psvs-1_5-dev.nesg.org/) (37).Paramagnetic NMR studies
The reduction of 1H-13Ca crosspeak intensities in natural-abundance 13C-
HSQC spectra acquired on a 700 MHz Bruker Avance spectrometer equip-
ped with a cryoprobe (600 scans, 200 increments in the Ca region of the
spectrum) was studied in the presence of Gd(DTPA-BMA). The required
amounts of phosphate buffer (50 mM, pH 7.2) and Gd(DTPA-BMA)
(10 mM) were mixed and lyophilized. A solution of 0.6 mM of MIR-
WaaG and 50 mM of DPC-d38 dissolved in 100% D2O was prepared, added
to the lyophilized samples, and thoroughly vortexed. This ensured that the
peptide and micelle concentrations were the same in both the sample con-
taining Gd(DTPA-BMA) and the reference sample. Reduced crosspeak in-
tensities were referenced to the crosspeak intensities of a spin-label-free
sample acquired under the exact same conditions.
To estimate how deep the residues of MIR-WaaG inserted into the
micelle, we also measured the reduction of 1H-13C crosspeak intensities
in natural-abundance 13C-HSQC spectra of nondeuterated DPC in the pres-
ence of Gd(DTPA-BMA). These experiments were acquired with eight
scans and 500 increments on a 600 MHz Bruker Avance spectrometer
equipped with a triple-resonance probe.CLEANEX studies
CLEAN chemical exchange (CLEANEX) experiments report on proton ex-
change on a millisecond timescale and on NOE crosspeaks to water (38,39).
For these experiments, 0.6 mM of MIR-WaaG and 50 mM of DPC-d38 were
Membrane Interaction of WaaG 555dissolved in 50 mM of phosphate buffer (pH 5.7) with 90% H2O and 10%
D2O. A 1D CLEANEX experiment was recorded at 25
C with a 200 ms
mixing time using a 600 MHz Bruker Avance spectrometer equipped
with a triple-resonance probe.RESULTS
Anionic lipids induce ordered structure formation
in MIR-WaaG
The secondary structure of MIR-WaaG was determined in
buffer and in the presence of zwitterionic (100% POPC),
anionic (10–40% POPG), and E. coli inner-membrane-like
LUVs using far-UV CD spectroscopy of the peptide bond.
The dominant secondary structure can be inferred from
the characteristic features of such spectra (40).
The spectra are shown in Fig. 2. For MIR-WaaG in buffer
and in the presence of zwitterionic and slightly anionic (up
to 10% POPG) LUVs, we observed an overall spectrum
characteristic of random coil structures with minima be-
tween 199 and 200 nm. As the anionic charge increased in
the LUVs, the minimum was red-shifted and a maximum
below 200 nm, as well as a second minimum above
220 nm, appeared. These features are characteristic of a-he-
lical structures. At high anionic charge (40% POPG) and in
E. coli inner-membrane-like LUVs, MIR-WaaG adopts a
mostly a-helical conformation. We conclude that the pres-
ence of anionically charged membranes leads to the induc-
tion of ordered secondary structure in MIR-WaaG. To
investigate whether the negative charge was responsible
for inducing the structure, we conducted a similar titration
study in which we substituted up to 40% of POPC for
POPE (data not shown). The presence of POPE did not
have any effect on the secondary structure of MIR-WaaG,
which remained unstructured in LUVs that were enriched
in POPE.FIGURE 2 CD spectra of MIR-WaaG in buffer and zwitterionic, anionic,
and E. coli inner-membrane-like vesicles. The ratios in the legend refer to
the molar ratio of POPC/POPG in the vesicles. E. coli refers to a lipid
mixture (60% POPE, 30% POPG, 10% TOCL) that mimics the composition
of the inner membrane of E. coli. To see this figure in color, go online.Tyr residues are shielded from the aqueous
environment in the presence of anionically
charged membranes
The quenching of tyrosine fluorescence by the hydrophilic
quencher acrylamide and the lipophilic quencher 5-doxyl
PC was measured with LUVs of increasing anionic lipid
content and in E. coli inner-membrane-like LUVs. With
increasing anionic charge, the quenching of acrylamide
became less efficient (Fig. 3 A), whereas the quenching ef-
ficiency of 5-doxyl PC increased (Fig. 3 B). Thus, in highly
anionic LUVs, Tyr residues are shielded from the aqueous
environment but are accessible to the lipid quencher, i.e.,
MIR-WaaG binds to anionically charged LUVs. Note that
the absorbance of acrylamide at the excitation wavelength
is not negligible. Part of the intensity decrease withFIGURE 3 (A and B) Fluorescence quenching of MIR-WaaG in buffer
and zwitterionic, anionic, and E. coli inner-membrane-like vesicles by
(A) acrylamide and (B) 5-doxyl PC. The ratios in the legend refer to the
molar ratio of POPC/POPG in the vesicles. E. coli refers to a lipid mixture
(60% POPE, 30% POPG, 10% TOCL) that mimics the composition of the
inner membrane of E. coli. To see this figure in color, go online.
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amide absorption, but this contribution was the same under
all sample conditions. Thus, the slope differences of the
Stern-Volmer plots in Fig. 3 A cannot be attributed to the
absorbance of acrylamide. It is, however, not useful to
compute or interpret quenching constants, since these
depend on this contribution. Moreover, there are four Tyr
residues located throughout the sequence (Y1, Y13, Y19,
and Y22). Nevertheless, the results clearly demonstrate an
overall trend that the association is charge dependent, sup-
porting the CD data.The anisotropy of MIR-WaaG increases in the
presence of anionically charged membranes
To further study the lipid binding of MIR-WaaG, we
measured the steady-state fluorescence anisotropy of the
peptide in the presence of zwitterionic (100% POPC),
anionic (10–40% POPG), and E. coli inner-membrane-like
LUVs. The results are shown in Fig. 4. The anisotropy in
buffer was found to be 0.065 0.01. From the Perrin equa-
tion, a rough estimate of the expected anisotropy is
hri ¼ 0:05 0:07 for a monomeric MIR-WaaG assuming
a rotational correlation time of 1.1 ns (41) and a typical life-
time for tyrosine of 3.5 ns (42). Within the range of uncer-
tainty, zwitterionic and slightly anionic LUVs (10% POPG)
gave rise to the same anisotropy for the peptide as in buffer,
and these values were below the intrinsic anisotropy of im-
mobilized tyrosines, which is in the range of 0.19–0.32 de-
pending on the spatial proximity of the Tyr residues (43).
Thus, it can be concluded that MIR-WaaG does not interact
with zwitterionic or slightly anionic LUVs. A significant in-
crease in anisotropy was observed as the anionic charge of
the LUVs increased above 10%. As an increase in anisot-FIGURE 4 Fluorescence anisotropy of MIR-WaaG in buffer and zwitter-
ionic, anionic, and E. coli inner-membrane-like vesicles. The ratios in the
different categories refer to the molar ratio of POPC/POPG in the vesicles.
E. coli refers to a lipid mixture (60% POPE, 30% POPG, 10% TOCL) that
mimics the composition of the inner membrane of E. coli. To see this figure
in color, go online.
Biophysical Journal 109(3) 552–563ropy originates from a decrease in rotational correlation
time of the fluorophore, we interpret this observation as
indicating the binding of MIR-WaaG to anionic LUVs. At
40% POPG and in E. coli inner-membrane-like vesicles,
the anisotropy was 0.11 5 0.01 and 0.10 5 0.01, respec-
tively. These values are similar to the anisotropy that was
determined for the 20-residue ShB peptide upon interaction
with anionic LUVs (hri ¼ 0:12050:003) by Poveda and co-
workers (44).Dissociation constant and immersion depth of
MIR-WaaG in E. coli inner-membrane-like LUVs
Fig. 5 shows the increase in fluorescence intensity upon
binding of MIR-WaaG to E. coli membrane-mimicking
LUVs. By employing a simple hyperbolic model assuming
one binding site (Eq. 2), we obtained a dissociation constant
of 35 5 6 mM.
The distances of the fluorophores from the center of the
bilayer at 16 mol % quencher concentration calculated with
Eq. 1 are shown in Table 2. Quenching was most efficient
for Tempo-PC (77% residual signal), followed by 5-doxyl
PC (81%) and 10-doxyl PC (83%). The distance estimate
is best for quencher pairs in the vicinity of the fluorophore
and is worse if the quenchers are farther away (28), in
particular if they are beyond the quenching radius Rc.
From our data, we find that Rc ¼ 7 A˚. Therefore, we
conclude that the distance estimate of the 5-doxyl/10-doxyl
pair is unreliable and that the Tempo-PC/5-doxyl pair pro-
vides the best estimate. This means that the Tyr side chains
are on average located 16 A˚ from the bilayer center near
the glycerol backbone of the lipids, i.e., at the surface of
the bilayer.FIGURE 5 Binding of MIR-WaaG to E. coli inner-membrane-mimicking
LUVs monitored by tyrosine fluorescence. The fluorescence intensity F is
normalized by the fluorescence intensity F0 of MIR-WaaG in buffer only.
The curve represents the fit of the data to Eq. 2, from which KD ¼ 35 5
6 mM was obtained. To see this figure in color, go online.
TABLE 2 Distances of the Tyr residues from the center of the
bilayer
Spin-Label Pair Distance (A˚)
Tempo-PC/5-doxyl PC 16.35 0.2
5-doxyl PC/10-doxyl PC 10.45 0.4
Membrane Interaction of WaaG 557MIR-WaaG interacts with DPC micelles and
zwitterionic and anionic bicelles
The translational diffusion coefficient of MIR-WaaG in
buffer, with DPC micelles as well as with zwitterionic and
anionic bicelles, was measured by PFG NMR. Table 3
shows the viscosity-corrected translational diffusion coeffi-
cients for MIR-WaaG and DPC micelles and bicelles. The
diffusion coefficient for MIR-WaaG in buffer corresponds
to what is expected for a 30-residue monomeric peptide
that is free in solution (45). The diffusion coefficients for
DPC micelles and both bicelle types are similar to those pre-
viously reported for the same or similar systems (25,46,47).
In the presence of DPC micelles, as well as anionic and
zwitterionic bicelles, the diffusion coefficients of MIR-
WaaG were drastically reduced to almost the same diffusion
coefficients as observed for the membrane mimetic. By us-
ing a two-state model (free and bound peptide), one can es-
timate the fraction of bicelle-bound peptide (48). Using this
relationship, we found that 98% of MIR-WaaG bound to
both bicelle systems, which is within the error limits equal
to fully bound. The same calculation for DPC binding is
complicated by the fact that a fraction of DPC exists as
monomers in solution. Since the diffusion of MIR-WaaG
is slower than DPC diffusion, we can still conclude that
also in this case the peptide is fully bound. We thus conclude
that MIR-WaaG binds micelles and bicelles irrespective of
the surface charge.TABLE 4 Structure Calculation for MIR-WaaGStructure of MIR-WaaG
To investigate the 3D structure of MIR-WaaG, we used
standard NMR methods on a sample containing the peptide
in 50 mM DPC-d38. CD spectra showed that the peptide in
DPC adopted a structure very similar to that observed in
LUVs mimicking the inner membrane of E. coli (Fig. S1TABLE 3 Translational diffusion coefficients for MIR-WaaG
and the membrane mimetics
Dt  1011m2s1
Buffer
Zwitterionic
Bicellesa
Anionic
Bicellesa
DPC
Micelles
MIR-WaaG 17 5 1 6.5 5 0.2 6.25 0.2 8.55 0.2
Membrane mimeticb n.a. 6.3 5 0.1 6.05 0.3 9.95 0.1
aDiffusion coefficients for the bicelles were measured for DMPC/DMPG
signals. These lipids fully integrate into bicelles.
bThe translational diffusion of the membrane mimetic indicates DPC mi-
celles, zwitterionic, and anionic bicelles.in the Supporting Material). The structure of MIR-WaaG
was computed by simulated annealing using CYANA 2.1
with 293 upper-distance constraints and 16 torsion-angle
constraints predicted from Ha, Ca, and Cb chemical shifts
by TALOSþ.
Table 4 summarizes data from the structure calculation,
and Fig. 6 shows the structure ensemble of the 20 most-
favored conformers superimposed on the crystal structure
of the corresponding segment of WaaG (9). MIR-WaaG
consists of three a-helical segments arranged in a b-shape.
The first nine N-terminal residues are rather ill defined,
most likely due to the small number of constraints in this
region. Still, an a-helical propensity for residues K4E9
was determined by using the DSSP program (49,50). Via
a two-residue linker, this helix connects to a short 310-helix
at L12–R14. The peptide is kinked at T16, connecting to a
third helix that stretches from S17 to F25. Remarkably,
both the overall fold and the individual a-helices of the iso-
lated MIR-WaaG sequence correspond well to the crystal
structure (helix I: A2–E8; helix II: F11–L15; helix III:
S17–T29).Insertion depth of MIR-WaaG residues into DPC
micelles
The intensity reductions of 1Ha-13Ca crosspeaks in the pres-
ence of Gd(DTPA-BMA) relative to a spin-label-free refer-
ence sample report on the insertion depths of individual
amino acids into the peptide. The intensity reductions of
1H-13C DPC crosspeaks were used as a molecular ruler
to measure the insertion depths of individual residues of
MIR-WaaG (Fig. 7).
Residual 1H-13C DPC crosspeak intensities in the pres-
ence of Gd(DTPA-BMA) are shown in Fig. 7 B. The
peak intensity of Cg (see Fig. 7 C for the nomenclature of
DPC carbons) was most strongly reduced, whereas residual
intensities increased toward the center of the micelle.
Gd(DTPA-BMA) is designed to exhibit weak electrostatic
or hydrophobic interactions (51–53), and no specific inter-
actions with micelles were observed here.Number of upper-limit constraints 293
Number of torsion-angle constraints 16
1H assignment completeness 98%
Maximum violation 0.27 A˚
Backbone Atom RMSD (A˚)
First cycle, residues 427 2.6
Final cycle, residues 130 1.35 0.3
Final cycle, ordered residues 0.85 0.3
Ramachandran Regions (%)
Most favored regions 71.1
Additionally allowed regions 28.3
Generously allowed regions 0.6
Disallowed regions 0
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FIGURE 6 NMR structure of MIR-WaaG. Ribbon representation of the
20 lowest-energy conformers of MIR-WaaG in DPC-d38 micelles (orange)
aligned with the crystal structure of MIR-WaaG (blue).
FIGURE 7 Localization studies of MIR-WaaG by paramagnetic relaxa-
tion. (A) Residual intensities of 1Ha-13Ca (1Ha-13Cb for T16 and T29) cross-
peaks for residues in MIR-WaaG upon addition of Gd(DTPA-BMA). (B)
Residual intensities of the 1H-13C crosspeaks of DPC upon addition of
Gd(DTPA-BMA). The intensities in (B) serve as a ruler to determine the
insertion depths of MIR-WaaG residues. (C) Structure of DPC and nomen-
clature of carbon atoms. To see this figure in color, go online.
558 Liebau et al.Based on the DPC ruler, the insertion depth of individ-
ual MIR-WaaG residues was analyzed. Fig. 7 A shows the
retained peak intensities of nonoverlapping and unambig-
uously assigned 1Ha-13Ca crosspeaks (except for T16
and T29, where 1Ha-13Cb are shown). Residual intensities
for all observable residues in the region A2–A6 in the
peptide were reduced by 50% or more compared with
those obtained without Gd(DTPA-BMA), which means
that they locate outside the micelle. In contrast, very little
reduction in the intensity of crosspeaks belonging to
Y13–T16 was observed, which indicates that this part
resides inside the micelle. This trend is broken by S17
and R18, which again appear to be surface exposed, while
the intermediate reduction of crosspeaks for Y19–A23
may indicate a location at the micelle interface. Like
the N-terminus, the C-terminal residues A24–F30 had
strongly reduced crosspeak intensities, suggesting a loca-
tion outside the micelle.
A 1D CLEANEX experiment with a 200 ms mixing time
is shown in Fig. 8. The most prominent exchange peaks that
appeared were due to guanidinium proton exchange in all
arginine side chains. Due to overlap in the 1D spectrum,
only a few unambiguous assignments of backbone amide
protons could be made. Among these, E3, H21, and T29
showed exchange. Moreover, NOE peaks to water were
observed for the aromatic ring protons.DISCUSSION
The binding of monotopic GTs of the GT-B fold to mem-
branes has previously attracted attention due to the peculiar
ability of such enzymes to recognize both a water-solubleBiophysical Journal 109(3) 552–563donor and a lipophilic acceptor molecule. Despite the
lack of characteristic motifs, it has been suggested that
monotopic GTs adopting a GT-B fold possess characteristic
structural features and properties that confer membrane
interaction. In particular, clusters of basic residues, as
well as surface-exposed tryptophans and hydrophobic
amino acids in the N-terminal domain, could play a crucial
role in permanently anchoring such GTs to membranes
(19).
The GT WaaG is involved in the core synthesis of lipo-
polysaccharides and is located at the cytosolic leaflet of
the inner membrane of Gram-negative bacteria. Here, we
analyzed the membrane interaction of a putative mem-
brane-anchoring region of WaaG, termed MIR-WaaG, using
a set of biophysical methods.MIR-WaaG interacts electrostatically with
anionically charged membranes
We prepared model systems that mimicked the character-
istic anionic charge of the E. coli inner membrane conveyed
by PG and CL, by enriching vesicles with POPG. In the
presence of vesicles enriched in POPG, MIR-WaaG adopts
a largely a-helical structure, similar to what is also observed
FIGURE 8 1D CLEANEX spectrum of MIR-WaaG in DPC micelles ob-
tained with a mixing time of 200 ms. Peaks that could be assigned unam-
biguously are labeled.
Membrane Interaction of WaaG 559in vesicles composed of an E. coli inner-membrane lipid
mixture. Peptide-membrane interactions are also evident
from an increase in fluorescence anisotropy as well as
from an increase in quenching efficiency in the presence
of a lipophilic quencher or, conversely, a decrease in
quenching efficiency in the presence of a hydrophilic
quencher. To quantify this interaction, we determined the
dissociation constant and found that the affinity of MIR-
WaaG to E. coli inner-membrane LUVs is high (KD ¼ 35
mM) (44). This implies that under the conditions used in
this study, all of MIR-WaaG is bound. Moreover, the KD
is similar to what has been reported for peripheral mem-
brane proteins (29) or membrane-associated peptides (44).
Our data clearly suggest that binding is driven by anioni-
cally charged lipids, but we cannot directly determine
whether specific (cationic) amino acid residues are involved
in this interaction, or whether there is a preference for the
peptide to interact with PG or CL.
Thus, electrostatic interactions play a crucial role in bind-
ing MIR-WaaG to membranes, and mere hydrophobic inter-
actions are not sufficient to accommodate MIR-WaaG in
membranes or induce a native-like structure. Still, the local-
ization of Tyr residues at the interface of vesicles and mi-
celles, as observed by immersion-depth measurements in
vesicles and from the structure of MIR-WaaG in DPC (see
below), indicates that these residues are involved in binding
even though we did not obtain any direct evidence for this
here.
The intrinsic anisotropy of free tyrosine is ~0.30 (43,54),
but it can be drastically reduced by resonance energy trans-
fer if Tyr residues are in close spatial proximity (41,43).
Gryczynski and co-workers (43) reported a value of 0.19
for neighboring Tyr residues. Here, we find that the anisot-
ropy of MIR-WaaG increases from 0.06 in buffer to 0.11with anionic vesicles. This increase is significant, but the
maximum anisotropy is still below the putative intrinsic
anisotropy. Since the typical fluorescence lifetimes of tyro-
sines are ~3.5 ns (42), this means that the Tyr residues in
MIR-WaaG undergo rotational motions on a nanosecond
timescale even when the peptide is bound to LUVs. These
motions are orders of magnitude faster than the value ex-
pected for vesicles of 60 nm radius, which is on the order
of microseconds (55). At the same time, KD measurements
indicate that all of the peptide associates with vesicles with a
high POPG content. This means that the peptide undergoes
considerable local motions even when it is bound to anioni-
cally charged membranes.
From the NMR diffusion experiments, it can be con-
cluded that MIR-WaaG associates fully with DPC micelles,
as well as with zwitterionic and anionic bicelles. Within
the limitations of the experimental setup, no free peptide
is detectable. At concentrations above the critical micelle
concentration, free DPC coexists with micelles and ex-
change between the two states is rapid (56). Therefore,
only one set of NMR peaks is observed. Consequently, the
overall diffusion coefficient of DPC is somewhat larger
than the diffusion coefficient of MIR-WaaG bound to DPC
micelles.
The observation that MIR-WaaG binds to anionic bicelles
is in agreement with the CD and fluorescence data for the
peptide in the presence of the corresponding LUVs. Yet,
MIR-WaaG was also observed to bind to zwitterionic bi-
celles, but no interaction with zwitterionic vesicles was
observed. We speculate that this result may arise from the
high edge curvature of the bicelles, as it was previously
shown that some peptides interact with highly curved mi-
celles (e.g., a membrane-binding helix of the GT AlMGS
(57) and Ab (1–40) (58)). In fact, we may observe curva-
ture-induced binding here, as DPC micelles give rise
to the same secondary structure as E. coli membrane-
mimicking LUVs (Fig. S1). Since we cannot distinguish be-
tween the contributions to binding due to curvature effects
and those due to electrostatic effects, the results from our
NMR diffusion experiments remain inconclusive. They
underline, however, a general problem of working with
bicelles, i.e., that interactions with the rim might cause arti-
facts in the results.Anchoring of WaaG to membranes
The NMR solution structure of MIR-WaaG in the presence
of DPC micelles is remarkably similar to that of the
sequence in the crystal structure, indicating that this mem-
brane mimetic confers a realistic structure induction in the
peptide. In contrast, a quantitative analysis of the CD
spectra in Fig. S1 revealed some b-sheet content. If un-
structured peptide were present, the CD spectra would
have a higher contribution from that state than what is
observed in the NMR-derived structure (which favors aBiophysical Journal 109(3) 552–563
FIGURE 9 (A) Model of the localization of MIR-WaaG in DPC micelles
(70 DPC molecules). The lowest-energy conformer of MIR-WaaG is de-
picted in cartoon representation. Arg residues are in blue and Tyr residues
are in green. Note that the results in this study do not provide any information
about the micelle shape, size, or aggregation state. Nevertheless, the locali-
zation of MIR-WaaG in this micelle is consistent with our experimental re-
sults. (B)Model of themechanism for anchoringWaaG tomembranes.WaaG
is depicted in blue andMIR-WaaG is in orange. The bilayer consists of 75%
POPE, 20% POPG, and 5% TOCL. The micelle and bilayer were generated
using CHARMM-GUI (59–63) and the figures were prepared in PyMOL.
Atom coloring scheme: C, gray; P, red; O, orange; and N, blue.
560 Liebau et al.structured state). This is, however, in contradiction to an
analysis of the secondary chemical shifts, which also cap-
tures the average over all states in the sample (Fig. S2),
showing that the peptide is either a-helical (residues
Y13–L15 and S17–Y22) or unstructured. Moreover, the
lipid concentrations used in the CD measurements are
high enough to ensure that all of the peptide is bound.
Therefore, it is reasonable to speculate that the intensities
in the CD spectra are erroneous, which precludes a quan-
titative analysis but still permits the qualitative conclu-
sions presented above. Hence, our data show that in the
presence of DPC as well as an E. coli lipid mixture,
MIR-WaaG adopts to a large extent a helical structure.
It can be seen in Fig. 7 A that parts of MIR-WaaG, specif-
ically Y13–T16, are immersed in DPC micelles, whereas
Y19–A23 locate in the interface region. Although the back-
bone of Y13 is located inside the micelle, the side chain ex-
tends toward its interface, in agreement with our findings
from fluorescence studies. A24–F30 and A2–A6 locate
outside the micelle. The amide protons of E3 and T29 ex-
change with water, confirming that the N- and C-termini
are exposed to an aqueous environment. CLEANEX peaks
indicate that all arginine side chains stretch out toward the
solvent. Moreover, the aromatic protons of the Tyr residues
show NOE peaks to water. On the other hand, Tyr residues
are on average exposed to the lipophilic environment of
anionic vesicles, as shown by fluorescence quenching exper-
iments. These observations lead to the conclusion that the
Tyr residues are located at the interface between water-
accessible and lipophilic environments. This conclusion is
corroborated by immersion-depth measurements obtained
using the parallax method. They show that the Tyr side
chains are located at the bilayer interface, ~16 A˚ from the
bilayer center, when bound to LUVs. This means that the
localization of the peptide in DPC micelles is similar to
that in anionic LUVs, confirming that DPC micelles are a
valid membrane mimetic for studying the immersion depth
of MIR-WaaG in detail.
Based on the results of this study, we propose that MIR-
WaaG anchors WaaG to membranes in a charge-dependent
way. Although interactions involving hydrophobic resi-
dues and interface Tyr residues may contribute to the asso-
ciation, their contribution is not sufficient for binding. The
localization of MIR-WaaG in DPC micelles consistent
with the qualitative constraints obtained in this study is
shown in Fig. 9 A. In this model, which is based on the
combined results, residues in the two termini, A1–A6
and A24–F30, are outside of the micelle, G10–T16 are
buried inside, and the remaining parts of the sequence
are at or close to the interface. Based on this model, a
mechanism for anchoring WaaG to a bilayer is proposed
in Fig. 9 B. In this model, MIR-WaaG, which is located
in the N-terminal domain of WaaG, anchors WaaG to
the cytosolic leaflet of the inner membrane by the afore-
mentioned mechanisms.Biophysical Journal 109(3) 552–563Our results are in agreement with previous studies of
monotopic GT-B GTs. It was previously shown that AlMGS,
amonotopic GT-B enzyme that is involved in the synthesis of
a glycolipid in A. laidlawii, recruits anionic lipids (21) and
contains basic and hydrophobic residues in an amphipathic
a-helix that associates with anionic membranes (57). More-
over, AlMGS tightly associates with (64) and penetrates into
(65) one leaflet of anionic membranes. Hydrophobic interac-
tions between Trp residues and membranes, as well as elec-
trostatic interactions of basic residues and anionic lipid
headgroups, play a decisive role in bindingAtDGD2 (another
monotopic GT-B enzyme, found in thylakoid membranes
of plants) to membranes. It has been proposed that its
Membrane Interaction of WaaG 561N-terminal domain anchors tightly to the membrane,
whereas the C-terminal domain associates more loosely,
e.g., it may perform a bending motion of the entire domain
to accommodate the acceptor molecule (66,67).
Despite this agreement, a subtle difference in the binding
mechanism of WaaG compared with that of AtDGD2 is that
MIR-WaaG does not contain any Trp residues. Moreover, an
in silico search for membrane-interacting domains in WaaG
conducted with MPEx (68) did not identify MIR-WaaG as a
putative membrane-interacting region. We suspect that this
is due to the lack of Trp residues in MIR-WaaG. The partic-
ular importance of Trp residues in binding to membranes is
well known (69,70), and Trp residues are included in the
model that Albesa-Jove´ et al. (19) and Ge et al. (66) sug-
gested for the binding of AtDGD2 to membranes. Here,
we find that Trp residues are not necessary for the mem-
brane interaction of a monotopic GT. Electrostatic interac-
tions conferred by basic amino acids, complemented by
interactions of Tyr residues at the interface and hydrophobic
residues inside the membrane, suffice for insertion of MIR-
WaaG into membranes.CONCLUSIONS
It has been suggested that the membrane anchor of mono-
topic GT-B GTs is located in their N-terminal domain,
and that binding is achieved by electrostatic interactions
of positively charged clusters with anionic lipids and mem-
brane interactions of Trp residues. Here, we have shown that
in general this hypothesis holds true in the case of WaaG,
but that Trp residues can be replaced by Tyr residues. We
identified an exposed, positively charged, Tyr-enriched re-
gion of WaaG, the NMR structure of which is similar to
the respective region in the crystal structure, and found
that membrane anchoring of WaaG is conferred at least in
part by the amino acids in this region.SUPPORTING MATERIAL
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